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Summary 

A reaction of the basic amino acids, lysine and arginine, with 
components of cigarette smoke has been observed. The adducts pro¬ 
duced have been identified as cyanomethyl derivatives. Both formal¬ 
dehyde and cyanide, which are known to be present in cigarette 
smoke, are involved in the reaction with the primary amino group. 

The reaction is time-dependent and can be enhanced by an Increase of 
temperature or by incubation under alkaline conditions. Cyanomethyl 
adduct formation was found to be increased when- smoke from cigar¬ 
ettes with higher tar .and nicotine content was used. When proteins, 
such as bovine serum albumin, trypsin inhibitors or crude rat lung 
proteins were incubated with the cigarette smoke solution, new pro¬ 
tein adducts with increased pi values were produced which are 
separable from the original proteins by gel isoelectric focussing. 
Radioisotopically labelled cyanide can be irreversibly linked to 
protein and the linkage is enhanced in the presence of formaldehyde. 

Cigarette smoking Is a major risk factor in the development of cancer, 
respiratory and cardiovascular diseases (1,2). Besides the most well known 
constituents, nicotine and carbon monoxide, there are a number of other toxic 
components present in,cigarette smoke (3), and these may interact with cellular 
components and to cause subsequently harmful effects. Tobacco-specific 
N-nitrosamines, for example, are produced endogenously from cigarette smoke 
nitrogen oxides and secondary amines. Carcinogenic fl-nitrosoproline for 
Instance has been found to be produced endogenously in cigarette smokers 
(4,5). We have recently discovered that biogenic amines can interact with the 
cigarette smoke components, formaldehyde and cyanide, to form a series of 
cyanomethyl-amine adducts under physiological conditions (6-9). In the present 
paper, I describe a similar reaction between basic amino acids with the cigar¬ 
ette smoke components. In addition, some protein-cigarette smoke adducts are 
produced which can be separated by gel isoelectrofocusing. 


Materials and Methods 

Preparation of Cigarette Smoke Solution . The cigarette smoke solution was 
prepared from a brand of filtered cigarettes with a tar content of 16 mg and 
nicotine, 1.2 mg. Smoking was simulated as one puff per half minute with a two 

0024-3205/88 $3.00 + .00 
Copyright (c) 1988 Fcrgamon Press pic 


Source: https://www.industrydocuments.ucsf.edu/docs/ktnx0001 




PM3006739297 


1634 Amlrtaacid-Clgarette Smoke Adducts Vol. 43, No. 20, 1938 


Vol. 43, No. 20, 1988 Aralnoacld-Cigorettc Smoko Adducts 1635 


second puff duration. The resultant smoke mas bubbled through water (one 
cigarette/3 ml) as previously described (10). 

Formation and Detection of Amine-smoke Adducts . Radio-isotopically label¬ 
led L-L 'C (O)J-lysine and' L-l/'C '('lITj-'argirii'ne (New England Nuclear, Boston, 
MA) were incubated with freshly prepared cigarette smoke solution in a total 
volume of 200 ul in 0.02 M phosphate buffer (pH 8.0) at 37°C for 30 min, which 
was then applied to a small column (0.5 x 1 cm) of Ambarlite GC-50. The formed 
adduct was not adsorbed to the resin and was then completely separated from the 
unreacted lysine or arginine. Radioactivity was assessed by liquid scintilla¬ 
tion spectrometry (Beckman LS 7500, Fullerton, CA). 

Separation of the amino acid-smoke adducts. The lysine- and arginine- 
clgarettc smoke adducts were separated further by thin-layer chromatography 
either on cellulose plates (Merck, Darmstadt, Germany) with 55% ethanol as 
solvent or on silica gel (Merck) using the solvent system n-Butanolracetic 
acid:H 2 0 (4:1:1). 

Determination of Amino Acids. Amino acids were separated by a PICO-TAG 
(Waters, Mmard, MA) high performance liquid chromatographic (HPLC) procedure 
(11) after derivattzation with phenyl-isothfocyanate (PITC). The derivatlzed 
amino acipis were separated on a Waters PICO-TAG reverse phase 4 micron) 

column (4.6 x 150 mt) with a gradient system of sodium acetate buffer (pH 6.4) 
and acetonitrile (from 6% to 60%). The compounds were detected spectrophoto- 
metrically (E 25 ^) using a Water's Lambda-Max Model 481 LC-spectrophotometer. 

Isoelectrofocusing.- Isoelectric focusing was performed in an LKB-2117 
multiphor apparatus. The proteins were incubated with cigarette smoke and were 
then'focused over the pH range of 3.5-9.5 with LKB ampholine at a constant 
power of 25 W. Proteins were stained with Coomassie blue. 


Results 



sine and glutamic acid was incubated with freshly prepared cigarette smoke 
solution in 0.05 14 phosphate buffer (pH 8.0) at 37°C for 30 min. The amino 
acids were then derivatized with phenyl Isothiocyanate and separated by HPLC 
[see Methods). (A) Amino acids incubated with water, (B) cigarette smoke 
solution without the addition of the amino acids, (C) amino acids incubated 
with the cigarette smoke solution. 


Reaction of Amino Acids with Components in the Cigarette Smoke Solution . 
When :a" different standard amfho acids were incubated with cigarette smoke 
solution in 0,02 M phosphate buffer (pH &.0) at 37*C for 30 min, derivatized 
with PITC, and then separated by HPLC, the concentrations of lysine and argin¬ 
ine were the only two found to be reduced. In Figure 1, for example, the basic 
amino acid lysine in contrast to tyrosine (a neutral amino acid) and glutamic 
acid (an acidic amino acid), was substantially depleted after incubation with 
the cigarette smoke solution. 

Since the neutral and acidic amino acids did not Interact with the cigar¬ 
ette smoke, it is reasonable to assume that the free amine group of lysine and 
arginine is involved in the interaction. This was further confirmed by the ion 
exchange chromatographic separation of the adducts. When the reaction mixtures 
of ^C-lysine and 14 C-arginine and cigarette smoke were eluted through an 
Amberlite CG-50 (mesh 100-200 cationic resin) column [0.5 x 1 cm), the adducts 
were not retained by the resin under neutral conditions, while the unchanged 
lysine and arginiirre could only be eluted under acidic condition. Therefore, 
this chromatographic separation of the amino acid adducts was utilized to 
obtain a quantitative assessment of the reaction. 

The basic amino acid adducts were also separated by thin-layer chromatog¬ 
raphy. After 1, ’C-1 abel 1 ed lysine was incubated with the cigarette smoke solu¬ 
tion, the adduct was separated by thin-layer chromatography as Indicated in 


Figure 2. The adduct was chromato graph 1 sally identical to cyanomethyl lysine 
prepared from lysine, cyanide and formaldehyde. 

The formation of the adducts is dependent on pH (Figure 3), It occurs 
favorably in alkaline conditions; below pH 4.0 the adducts are not formed. The 
reaction is also time', and temperature dependent with more adducts being formed 
at higher temperatures. The production of lysine-cigarette smoke adducts 
occurred concomitantly with a decrease in the reactant amino acids. 

The reaction with cigarette smoke from nine different brands of filtered 
cigarettes has been compared. As listed in Table 1, the smoke from all these 
brands can interact with lysine and arginine. Higher concentrations of the 
amino acid adducts are formed as the tar and nicotine content increases. 


Formation of Cyanomethyl Derivatives from Basic Amino Acid and cigarette 
Smoke Constituents . It has recently been described that cyanide and formalde¬ 
hyde can react with a number of biogenic amines such as p-phenylethylamine, 
p-tyramine, try.tvamine, serotonin, catecholamines, etc. and produce correspond 
Trig cyanomethyl derivatives (6-8). ^‘C-Labelled lysine does not react with 
either cyanide or formaldehyde alone; adducts were formed only when lysine was 
incubated with both cyanide and formaldehyde (Table 2). It was also observed 
that when unlabelled lysine is Incubated with 14 C-cyan1de in the presence of 
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Figure 2. Radioisotope profiles of the thin-layer chromatographic separations 

of authentic ^-labelled lysine (-), and lysine-cigarette smoke adducts 

(♦-♦ ) and Nu-cyanomethyllysine (□—□) prepared by incubation of lysine 

with 0.1% sodium cyanide plus 0.1% formaldehyde. The separations were carried 
out on (A) cellulose plates by a solvent system of 55% ethanol and C3) on 
silica gel plates with n-butanol:acetic acid:HjQ (4:1:4, v/v/v). 


formaldehyde or 3 H-forma1dehyde in the presence of cyanide, the same product is 
formed as identified by thin-layer chromatography (results not shown). 

The interaction of arginine with cigarette smoke components is more 
complicated,. since it can react with formaldehyde alone,, as well as with 
formaldehyde plus cyanide (Table 2). 

Interaction of Cigarette Smoke Components W ith Some Proteins . It has been 
assumed' that the free amino groups of proteins" and polypeptides may perhaps 
also react with cyanide and formaldehyde in the cigarette smoke. A crude 
soluble protein preparation was prepared from the rat lung tissues (0.5 g). 
After homogenization in 40 ml 0.05 M phosphate buffer (pH 7.5) and centrifuga¬ 
tion (100,000 g for 30 min), the proteins in the supernatant were precipitated 
by ammonium sulfate (70% saturation) and subsequently dialyzed. When the 
proteins (0.6 mg) were incubated with *C-sodium cyanide (0.1%, 0.1 uCi) in the 
presence of 0.1% formaldehyde, it was found that cyanide (0.014 pCi) was 
covalently incorporated to the proteins. If the proteins were incubated with 
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Figure 3. The effects of the amount of cigarette smoke and pH on the depletion 
of lysine and arginine and the formation of lysine-cigarette smoke and 
arginine-cigarette smoke adducts. (A) ll, C-labelled lysine (□) or arginine 
(a) were incubated in 0.05 M phosphate buffer (pH 8.0) at 37*C with Increasing 
amounts of cigarette smoke solution. The labelled lysine (■)- and arginine 
(a)- adducts were separated from the amino acids by ion-exchange chromatog¬ 
raphy. (B) ll C-Labelled lysine or arginine were incubated as in (A) above with 
the cigarette smoke solution (100 ul) in buffers at different pH values [borate 
buffer (pK 9-10.5), phosphate buffer (pH 6-8) and sodium citrate buffer (pH 
3-5)]. The symbols are the same as (A). 


cyanide in the absence of formaldehyde, only 0.003 pCi of radioactivity was 
found to be linked irreversibly to the proteins. 

In addition, some proteins were treated with cigarette smoke and separated 
by-gel isoelectrofucusing. As can be’seen In Fig. 4 new protein adducts of 
bovine serum albumin and trypsin Inhibitor are formed. These protein adducts 
migrate towards the anode, indicating that their pi values are increased. When 
the proteins were Incubated with 0.1% Formaldehyde and cyanide, similar adduct 
protein bards are also observed. Profiles of crude rat lung proteins were 
affected after treatment with cigarette smoke as was revealed by Isoelectro- 
focusing (Fig. 5); some protein bands disappeared, and new protein bands 
appeared (see arrows). 
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TABLE 1 

The Formation of Adducts of Basic Amino Acid With Cigarette Smoke Obtained From 
Different Commercially Available Brands of Cigarettes 


Cigarette 

Brand 

Tar a 

Content 

(mg) 

Nicotine 

Content 

(mg) 

Adduct Formed^ (dpm) x KH 

Lysine 

Arginine 

1 

16 

1.2 

416 t 

12 

120 t 4 

2 

15 

1.2 

372 

16 

104 t 8 

3 

13 

1.0 

396 t 

12 

120 t 4 

4 

13 

1.0 

360 6 

12 

108 t 4 

5 

10 

0.8 

300 t 

12 

80 £ 8 

6 

9 

0.8 

296 t 

4 

88 t 4 

7 

8 

0.8 

284 t 

4 

88 t 4 

8 

8 

0.8 

248 6 

12 

76 £ 4 

'3 

4 

0.4 

188 t 

12 

60 £ 8 


a Tar and nicotine contents were indicated on the packs of cigarettes, 
b 4 C-1abel1ed lysine or arginine (1 x 1(T 5 K, 0.2 pCi> In 0.Q5M phosphate 
buffer (pH 8.0) were incubated at 37°C for 30 min with cigarette smoke solution 
obtained from the different commercial brands of cigarettes. At the end of the 
incubation the reaction mixtures were applied to an Amberlite CG-50 column and 
the water eluates collected and the radio activity counted. The values listed 
are the mean i SE (n=3 from separate cigarette smoke preparations), of these 
experiments. 


TABLE 2 

The Formation of Adducts of Lysine and Arginine 
With Cigarette Smoke and with Cyanide and Formaldehyde 


Lysine Arginine 

Amino acids were Column eluted with 


incubated with 

H 2 0 

HC1 

H 2 0 

HC1 



dpm x 

io- h 


Phosphate buffer 

88tlQ 

1659±125 

42 6 S 

9636 99 

Cigarette smoke 

484£52 

13546110 

2736 29 

8066 89 

NaCN .(0.1%) 

129 tU 

1861£121 

486 5 

978tl01 

HCHO (0.1%) 

100': 9 

18276137 

9016115 

1196 11 

NaCN (1% + HCHO (1%) 

1528698 

606 5 

545 6 57 

3466 32 


1 C-labelled lysine (l.\10' 5 M, 0.1 ^Ci) or ‘ 4 C-arginine (lxlO" S M,0;Q5 nC1) 
dissolved in 0.05 M phosphate buffer (pH 8.0) were incubated with the sub¬ 
stances listed above in a total of 200 ul at 37 °C for 30 min. At the end of 
the incubation period the reaction mixtures were applied to a small cationic 
ion exchange column [Amberlite CG50) (0.5 x 1 cm) which had been equilibrated 
with Q.QL M phosphate buffer, pH 6.8, The columns were first eluted with water 
followed by 0.5 il HC1, The total radioactivity in the H 2 0 fractions and HC1 
fractions were estimated by a scintillation counter (Beckman 7500)-■ 
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Figur e 4. Gel isoelectrofocuslng of protein-cigarette smoke adducts. Bovine 
serum Wumin (A) and trypsin Inhibitor (B) were Incubated with 0.1% sodium 
cyanide and 0,1% formaldehyde (1), with water (2), and freshly prepared cigar¬ 
ette smoke solution (31. The Isoelectrofocuslng conditions are described in 
the Materials and Methods section. 

t 



1 2 


Figure 5 . Gel isoelectrofocuslng of crude rat lung proteins (1) and after the 
proteins were Incubated with cigarette smoke solution (2), The arrows indicate 
the additional bands which were formed after interaction with cigarette smoke 
components. 


Source: https://www.industrydocuments.ucsf.edu/docs/ktnx0001 






PM3006739300 


1640 


Aminoacid-Clgaretde Smoke Adducts 


Vol. 43, No. 20, 1988 


Aminoacid-Cigarette Smoke Adducts 


1641 


Discussion 

It has been shown that monoamines ace capable of reacting with the cigar¬ 
ette smoke components, cyanide and formaldehyde, to form cyanomethyl compounds 
under physiological conditions (6-9). The present study demonstrates that the 
basic amino acids, lysine and arginine, can also interact with the cigarette 
smoke, while neutral and acidic amino acids cannot. Clearly the primary amino 
group is involved in the reaction. Lysine does not react with either cyanide 
or formaldehyde alone, but does react when both reactants are present. Fur¬ 
thermore, the lysine-cigarette smoke adduct is chromatograph!cally identical 
with the standard compound which was obtained from the lysine, formaldehyde and 
cyanide interaction. Both cyanide and formaldehyde are major toxic components 
of cigarette smoke (3). The adduct produced after incubation of lysine with 
cigarette smoke is, therefore, N'--cyanomethyllysine [H00CCH(NH 2 )CH 2 CHyCH^CH 2 - 
NHCH 2 Cek]. Al^augh arginine can also probably proceed by the same reaction to 
yield N-cyanomethylarginine, it can also produce other adducts such as those 
formed by a direct Interaction between arginine and formaldehyde {Table 2). 

Results from the isoelectrofocuslng demonstrate that cigarette smoke com¬ 
ponents can also react with some proteins to produce several protein complexes 
with increased pi values. These are likely to be cyanomethyl-protein deriva¬ 
tives. Such prote'" ""'difi'cations may relate to tho observation that platelet 
monoamine oxidase 112,13), saliva amylase (14), and a-antitrypsin (15) activ¬ 
ities are reduced in cigarette smokers. Although low platelet monoamine 
oxidase activity has been observed in the cigarette smokers by several groups, 
they do not -"animously agree (16,17). Recently we have shown that monoamine 
oxidase activity can be Irreversibly inhibited after incubation with a cigar¬ 
ette smoke extract (10).- This is consistent with the finding that, the platelet 
monoamine oxidase activity recovers after cessation of smoking (18). 

The N c -amino group of a lysine residue in an enzyme has very Important 
functions. For instance, it is the anchor site for the cofactor biotin in many 
carb xylases and of pyridoxal for decarboxylases and transaminases (19). 
Arginine, for instance, is located in the active site of carboxyl peptidase 
(20). The irreversible interaction of the N'---amino group of the lysine or 
arginine residue could Inhibit the activities of these enzymes. In fact, 
lysine end arginine residues are often found in the outer surface of many glob¬ 
ular surfaces (21). Even if the cyanomethyl linkage is not at the active site, 
it could still modify the total charge and configuration, and thus affect the 
catalytic functions and immunological properties of these proteins. If mem¬ 
brane proteins were modified in a similar manner, perhaps in the lung alveoli, 
an effect on the physiological properties of the lung could be expected. It is 
interesting to note that alveolar epithelial permeability Is Increased in 
cigarette smokers (22). 

Although lysine, arginine and some proteins can easily interact with com¬ 
ponents in cigarette smoke under physiological conditions ij^ vitro, it remains 
to be proven whether such reactions occur in vivo after smoking. It has been 
observed that saliva obtained immediately TFter smoking had a sufficient amount 
of dissolved cyanide and formaldehyde to react with lysine to form cyanomethyl- 
lysine. The total surface area of the respiratory tract and the alveolar 
cavities in the lung Is quite large so that during inhalation of cigarette 
smoke cyanide and formaldehyde may diffuse into these tissues as well as Into 
the blood stream, and thus be available to interact .with the free, primary amino 
groups of the different molecules that exist there. This could be related to 
some of the toxic effects seen in heavy cigarette smokers. 
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